Experimental and numerical simulation of hydraulic fracturing by Hoveidafar, Mohammad
EXPERIMENTAL AND NUMERICAL SIMULATION OF HYDRAULIC FRACTURING
By
Mohammad Hoveidafar, B.S.
A Thesis Submitted in Partial Fulfillment of the Requirements 
for the Degree of 
Master of Science 
in
Mining Engineering 
University of Alaska Fairbanks 
December 2017
APPROVED:
Gang Chen, Committee Chair 
Paul Metz, Committee Member 
Il Sang Ahn, Committee Member 
Yin Zhang, Committee Member 
Margaret M. Darrow, Chair
Department o f  Mining and Geological Engineering 
Doug Goering, Dean
College o f  Engineering and Mines
Michael Castellini, Dean o f Graduate School
Abstract
Hydraulic Fracturing (HF) has many applications in different fields such as stimulation o f oil and 
gas reservoirs, in situ stress measurements, stress relief for tunneling projects as well as in 
underground mining applications such as block caving mining. In the HF process, high pressure 
fluid is injected into a well to generate fractures in tight rock formations. This technique is 
particularly suitable for developing hydrocarbon energy resources in tight rock formations such as 
shale with very low permeability.
An experimental setup was designed and developed to simulate the HF process in the laboratory. 
Cubic plaster specimens were molded and HF experiments were conducted with simulated plaster 
models. Five laboratory tests were performed on cubic specimens under different stress conditions. 
Because the uniaxial compressive strength o f the plaster was about 1600 psi, in all experiments 
the applied vertical stress was 1000 psi to avoid breaking the specimens before injection o f fluid. 
The differential horizontal stress varied from 100 to 500 psi. These stress levels are related to 
shallow formations in a real environment. It was observed that increasing the differential 
horizontal stress by 100 psi, the minimum pressure required to initiate HF decreases about 100 psi. 
These results were in agreement by 2D failure criterion o f HF. All in all, the small scale HF 
experiments were conducted successfully in the rock mechanics lab. It was observed that vertical 
hydraulic fractures would propagate along maximum horizontal stress, which is in agreement with 
propagation o f HF theory.
Three-dimensional (3D) numerical models were developed and computer simulations were 
conducted with ABAQUS, a commercially available finite element analysis (FEA) software. The 
numerical simulation results compared favorably with those from the laboratory experiments, and 
verification and analysis were carried out.
Since the results obtained from the numerical model were in agreement with the results of 
experiments and verified the correctness o f the model, further investigation was carried out with 
developed computer models. Several scenarios with different vertical stresses and different levels 
o f horizontal stress were simulated. A statistical software, R, was used to generate a 3D failure 
criterion for the HF in shallow formations. The statistical analysis indicated that the HF pressure 
required to initiate hydraulic fractures (PHf ) is a function o f the vertical stress (ov), the maximum
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horizontal stress (aH), the minimum horizontal stress (oh), and the tensile strength o f the material 
(T) in the following relationship:
Phf = 0 .07 (av) +  3.01 (ah) -  (oH) +  0 .79(7)
It can be stated that in shallow formations, vertical stress has the least effect among stress 
components on the minimum pressure required to initiate HF.
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C H A P T E R  1 INTRODUCTION
The hydraulic fracturing (HF) technique has been used in the petroleum industry since its 
introduction in 1948. In the HF process, by injecting high pressure fluid containing mostly water 
into a borehole, rock fractures are generated in unconventional reservoirs situated in low 
permeability formations. This technique is suitable for oil and gas extraction in formations such as 
shale with very low permeability ( 1).
In conventional reservoirs, when a well is drilled and reaches the formation containing 
hydrocarbons, the hydrocarbons migrate to the well from high pressure regions to low pressure 
regions. On the other hand, in some unconventional reservoirs due to low permeability o f the 
formation, the hydrocarbons cannot migrate. So it is necessary to increase permeability to allow 
hydrocarbons to flow to the well and be extracted.
1.1 B rief H istory of HF
Modern HF can be traced back to 1857. Preston Barmore used gunpowder inside a gas well to 
create fractures and increase gas flow at Canadaway Creek, N Y  (2).
Col. Edward Roberts, a civil war veteran, started a new method called ‘superincumbent fluid- 
tam ping’ in 1865. In this technique, water was used to avoid scattered pieces o f rocks coming out 
o f the well by dampening the explosion (2; 3).
In the 1940’s, Floyd Farris stated that production from a well could be increased by using hydraulic 
pressure. In 1947, the first gas well was hydraulically fractured in Houghton Field, Kansas. At that 
time, the fracturing fluid contained naphthenic acid, palm oil, gasoline, and sand. Halliburton 
Company, by using crude oil as the hydraulic fluid, increased the oil production o f 332 wells by 
75% in 1949. W ater was used as the hydraulic fluid for the first time in 1953 (2).
In the 1980s, Mitchell Company combined HF with horizontal drilling in the Barnett Shale near 
Fort Worth, Texas. The combination o f HF with horizontal drilling was a great breakthrough in 
the oil and gas industry. Since then, this technique has been used in tight shale formations 
(unconventional reservoirs) in the U.S (3).
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1.2 A pplications of HF
HF has many applications in different engineering projects. In addition to unconventional oil and 
gas reservoirs, this technique has been used in different fields including (4):
• W ater well production enhancement
• Block cave mining (hydraulic pre-conditioning)
• Rock stress determination for geotechnical design (tunnels, dams, foundations)
• Conventional oil and gas production
• Geothermal production (hot dry rock, or “enhanced’ geothermal)
• Carbon sequestration (carbon capture and storage)
• Coalbed methane development
• Coal mine methane drainage
• Rock burst mitigation
1.3 The Im portance of HF in the U.S.
Based on studies done by the U.S. Energy Information Administration in May 2016, half o f the 
total crude oil production in the United States comes from hydraulically fractured wells. Although 
HF has been used since 1940s, it has been applied more frequently in tight formations containing 
hydrocarbons after the invention o f horizontal drilling in recent years. For instance, in 2000 less 
than 2% o f crude oil production by the U.S. came from hydraulically fractured wells (23,000 
hydraulically fractured wells); but in 2015 the percentage o f oil production using HF technique 
rose to 51% (300,000 hydraulically fractured wells). Figure 1-1 shows the percentage o f oil 
production from hydraulically fractured wells and non-hydraulically fractured wells. Figure 1-2 
shows the growing trend in application o f HF from 2000 to 2015 (5).
The HF technique was used first in the Eagle Ford formation and Permian Basin o f Texas, and the 
Bakken and Three Forks formation o f M ontana and North Dakota (5). Figure 1-3 shows the 
distribution o f shale formations in lower 48 states (6).
Figure 1-4 shows the shale oil and gas production from prominent shale formations in billion cubic 
feet per day (7).
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Figure 1-1 Oil production in the United States (5).
Figure 1-2 Growing trend in application of HF in the U.S. (5).
3
Figure 1-3 Shale formations in lower 48 states (6).
Figure 1-4 Oil and gas production history in billion cubic feet per day (8).
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Based on a study by the Energy Information Administration (EIA), in 2015 the U.S. was ranked 
first in oil and natural gas production in the world due to extensive applications o f the HF. Figure
1-5 shows the comparison o f oil and gas production between the U.S. and its peers from 2008 to 
2015. Figure 1-6 shows how oil imports in the U.S. decreased dramatically during 2007 to 2015. 
The U.S. is potentially ranked first in producing natural gas in the world (7).
Estimated Petroleum and Natural Gas Hydrocarbon Production in Selected Countries
(quadrillion British thermal units) (million barrels per day of oil equivalent)
■  Petroleum Production ■  Natural Gas
2008 2009 2010 2011 2012 2013 2014 2015
Figure 1-5 Comparison of oil and gas production by U.S., Russia, and Saudi Arabia (2008-2015) (7).
Petroleum and Other Liquids Supply and Disposition, Reference Case.
EIA -  Annual Energy Outlooks 2007-2015 EIA -  International Energy Outlook 2013
2007 2008 2009 2010 2011 2012 2013 2014 2015 United Russia Iran Qatar Canada China Saudi
States Arabia
U.S. Net Imports H  U S. Crude Production
Figure 1-6 Dramatic lowering of oil imports by the U.S. (2008-2015) (7).
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1.4 Oil and Gas in A laska and A pplications of HF
M ost oil reserves in Alaska are conventional; however, almost all proved unconventional oil 
reserves are on the North Slope. Based on a U.S. Geological Survey (USGS) report, it is estimated 
that the North Slope contains up to 2 billion barrels o f oil and 80 trillion cubic feet o f natural gas 
in unconventional resources. The Great Bear shale formation south o f Prudhoe Bay, is the only 
major unconventional oil field in Alaska (9). Using the HF technique in these formations can 
increase the oil and gas production in Alaska.
Figure 1-7 shows the comparison o f oil production in Alaska and six o f its peers in North America 
from 2008 to 2013. Oil production in Alaska decreased each year. Unlike Alaska, Alberta, 
Oklahoma, North Dakota, and Texas experienced a growing trend in oil production over these six 
years ( 10).
Figure 1-8 shows Alaska’s oil production versus its international peers. Alaska and Australia have 
the lowest oil production from 2008 to 2013. Except Canada, oil production in other countries 
shown in the Figure 1-8 have declined each year (10).
T3
Iq
_G
>■raD
£Mi
QJ
ralD
raun3o
Figure 1-7 Comparison of oil production between Alaska and its North American peers (10).
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Figure 1-8 Comparison of oil production from Alaska and its international peers (10).
Figure 1-9 shows the history o f natural gas production for Alaska and its peers in North America. 
Based on that, Alaska has almost the lowest gas production among its peers. There is a slightly 
decreasing trend o f production over these six years. Texas is ranked first in gas production among 
these states because o f taking advantage o f the HF in tight shale formations (10).
Figure 1-10 shows the comparison o f natural gas production from Alaska and its international 
peers. As can be seen, Alaska has the lowest gas production among its peers. The trend slightly 
declined over these six years ( 10).
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Figure 1-9 Comparison of natural gas production from Alaska and its North American peers (10).
Figure 1-10 Comparison of natural gas production from Alaska and its international peers (10).
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Figure 1-11 shows the comparison between proven reserves and undiscovered liquid hydrocarbons 
in Alaska and its peers in North America. The USGS estimates the potential o f undiscovered 
resources in Alaska is relatively high compared to its peers (10).
Figure 1-11 Proven reserves versus undiscovered liquid hydrocarbons (10).
Figure 1-12 shows the natural gas comparison o f proven reserves and undiscovered resources in 
Alaska and its peers in North America. It can be stated that after the G ulf o f M exico (GOM), 
Alaska has the most undiscovered resources in North America. Figure 1-13 shows the comparison 
o f proven reserves and undiscovered resources in Alaska and its international peers. After Norway, 
Alaska has the most undiscovered resources. It demonstrates the need for exploring these resources 
in Alaska (10).
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Figure 1-12 Proven reserves and undiscovered natural gas resources in Alaska and its North America
peers (10).
Figure 1-13 Proven reserves and undiscovered natural gas resources in Alaska and its international peers
(10).
Based on a 2012 report by the USGS, it is estimated that undiscovered oil and gas from shale 
formations on the North Slope is almost the same as undiscovered oil and gas from the Eagle Ford 
shale formation. Figures 1-14 and 1-15 show the comparison o f undiscovered oil and gas from 
several famous shale formations (11).
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Figure 1-14 Comparison of undiscovered shale oil between famous formations (MMBO stands for
Million Barrels of Oil (11).
Undiscovered Shale Gas
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Figure 1-15 Comparison of undiscovered shale gas between famous formations (BCFG stands for Billion
Cubic Feet of Gas) (11).
Figures 1-16 to 1-18 show the estimated undiscovered oil, gas, and natural gas liquid from three 
major shale formations in Alaska, respectively. In 2012, the USGS estimated that the Shublic shale 
formation has the highest potential among Alaska shale formations (11).
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Figure 1-16 Comparison of undiscovered shale oil in Alaska (11).
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Figure 1-17 Comparison of undiscovered shale gas in Alaska (11).
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Undiscovered Natural Gas Liquid
250
Shublic Brookian Kingak
Figure 1-18 Comparison of undiscovered natural gas liquid in Alaska (MMBNGL stands for Million
Barrels of Natural Gas Liquids) (11).
1.5 The Need for HF Studies and Sim ulations
As discussed in previous sections, HF is widely used in the oil and gas industry. There are many 
parameters that play roles in performing HF in the field. To investigate the effects o f different 
parameters on HF, it is difficult to perform field tests. Thus, it is necessary to use different 
simulation methods like creating experimental and numerical models.
Based on a 2006 report by the National Science Foundation (NSF), there is enormous interest in 
simulations in engineering fields. Some reasons for growing interest in simulations are (12):
• Doing simulations is relatively cost effective.
• In many fields like military projects, simulations are much safer than real world 
experiments.
• Doing the simulation is usually quicker than conducting the real field work.
• Sometimes the results obtained by simulation are more realistic compared to field work.
• In some environmental sensitive projects, conducting simulations is more ethical.
Although many studies have been done in the area o f HF, more are still necessary. Laboratory 
experiments and computer simulations o f HF are useful. It is possible to simulate different 
conditions that a shale formation might feel in the real environment in a cost effective way. By
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doing both experimental and numerical simulations, one can double check the findings and obtain 
reliable results.
1.6 O bjectives of the Study
In order to better understand the HF technique better, both laboratory experiments and computer 
simulations are performed in this research to study the forming and development o f HF under 
various field stress conditions. Therefore, the objective o f this research are to:
1) Design and develop an experimental setup for performing HF experiments at a laboratory 
scale with controllable 3D stress conditions.
2) Conduct laboratory experiments to study the characteristics o f HF under various stress 
conditions.
3) Develop a 3D numerical model and conduct computer simulations o f HF in similar 
conditions as applied in the laboratory experiments. Compare the numerical simulation 
results with that o f the laboratory experiments and further explore the characteristics of 
HF.
1.7 Outline of Subsequent Chapters
This thesis consists o f six chapters. Following the introduction in Chapter One, Chapter Two is a 
literature review on experimental and numerical simulations o f HF by previous researchers.
Chapter Three contains the laboratory tests that were performed on prepared cylindrical and disk 
specimens. These tests were performed to determine the strength and elastic characteristics o f the 
material used in the subsequent HF experiments.
Chapter Four presents the design and development o f laboratory HF experiments as well as the 
execution o f the experiments and analysis o f the results. Following thorough descriptions of 
specimen preparation and components o f experimental setup, the procedure o f experiment 
execution is illustrated. The results are presented and analyzed.
Chapter Five details the development o f a 3D numerical model with ABAQUS, a commercially 
available Finite Element Analysis (FEA) software. Computer simulations are shown in the chapter. 
The results and the comparison with that from the laboratory experiments are discussed.
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Chapter Six includes the conclusion o f the study and the challenges encountered in both laboratory 
experiments and computer simulations. Recommendations for improving the setup to perform in 
further studies are also provided.
15
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C H A P T E R  2 LITERATURE REVIEW
HF is usually used to increase the permeability o f a tight formation containing hydrocarbons. In 
this technique, high pressure fluid is pumped into a wellbore to create fractures in the formation. 
There are small solid particles in the fluid that remain inside fractures and keep them open after 
removing the fluid from the wellbore. Based on fracture mechanics theory, the hydraulic fracture 
would propagate along maximum horizontal stress.
HF is currently a hot topic for scientists, researchers, and practitioners in the industry. In this 
chapter some simulation studies by different researchers are reviewed.
2.1 Concepts of Fracture M echanics in HF
In 1957, Irwin mentioned that there are three main modes o f fracture propagation including: 
opening, sliding, and tearing. In the opening mode, two faces o f the fracture tend to separate from 
each other due to tensile stress normal to the fracture plane. Hydraulic fractures are usually 
categorized in this mode. In the sliding mode, because o f shear stress that is acting parallel to the 
plane o f the fracture and perpendicular to the fracture front, two faces o f the fracture slide over 
each other in the same plane but in the opposite direction. In the tearing mode, because o f shear 
stress that is acting parallel to the plane o f the fracture and parallel to the fracture front, the two 
faces o f the fracture move to the side in opposite directions. These three modes o f fracture 
extension can be seen in Figure 2-1 (13).
Figure 2-1. Basic fracturing modes, (a) opening, (b) sliding, (c) tearing by Irwin, 1957.
There are three more complex fracture modes. M ixed-mode fractures occur through a combination 
o f tensile and shear forces. In fracture branching, the fracture occurs when it propagates along 
more than one path, where these paths have connection to each other. Finally, in multiple
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fracturing, separate fractures are created at the wellbore and may grow out o f each other’s influence 
zone (14).
Sneddon and Sack (1946) assumed a hydraulic fracture process performed on an infinite elastic 
medium, where av is the vertical stress, and aH and ah are the maximum and minimum horizontal 
stresses, respectively. All o f these stresses are compressive. In the horizontal plane, av is the stress 
component resisting a fracture from opening. Therefore, for keeping a hydraulic fracture open, the 
fracture fluid pressure should be at least equal to av. Thus, to propagate a hydraulic fracture, the 
fluid pressure has to be larger than av . The hydraulic fracture propagates in the path o f least 
resistance. In an isotropic, homogeneous, elastic media, the direction o f the growth path is 
perpendicular to the smallest principal stress. Sneddon and Sack found that the pressure o f fluid 
needed for extending the fracture depends on the shape o f it. Based on their studies, a penny­
shaped crack needs the highest fluid pressure to grow. On the other hand, a Griffith crack requires 
the least fluid pressure to propagate. They presented Equations 2-1 and 2-2 to explain the fluid 
pressure needed for each type o f fracture growth (15; 16):
where P is the fluid pressure, 03 is the least principal stress, E is Y oung’s modulus, v is Poisson’s 
ratio, R  denotes the radius o f the penny-shaped crack, l is the length o f the Griffith crack, and 7  is 
the specific energy o f the material. From these equations, it can be concluded that regardless o f 
the shape o f fracture, as the hydraulic fracture grows larger, less fluid pressure is needed for its 
propagation.
Daneshy (2003) mentioned a new concept in fracturing, explaining that hydraulic fracture 
propagates in the local path o f least resistance, not the global path. The conditions at the tip o f the 
crack control the path o f fracture propagation. Because o f this, there is branching and off-balance 
fracture growth in many cases (14).
(P enny  — shaped  crack) (2 - 1)
(Griffith crack) (2 -2)
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2.2 Experim ental M odeling
Many people have tried to build physical models to study the effects o f different parameters on the 
HF technique. Some o f these models are discussed in this section.
Lamont and Jessen in 1963 performed the first laboratory HF experiments on cement blocks and 
natural rocks. Dimensions o f blocks were 1.5*3.5*(4 to 8) in. First, a slot was created at the end 
face o f each block along the longitudinal axis. Then the slot was filled with plastic aluminum. A 
borehole with 3/8 in. diameter was drilled at the center o f the slot in the longitudinal axis (Figure
For simulating the stress field, triaxial loading equipment, which uses mechanical loading and a 
combination o f mechanical and hydraulic loading, was used for applying stresses on block 
samples. A manual hydraulic pump was used for injecting the fracturing fluid (i.e., water) (17).
Based on the experimental results, Lamont and Jessen stated that hydraulic fractures crossed the 
natural fractures at all different angles o f approach. It was found that when a hydraulic fracture 
was approaching the interface, it reoriented and crossed the pre-existing fracture at right angles; 
this is consistent with theory that the path o f a growing hydraulic fracture should be perpendicular 
to the least stress orientation. Also, it was observed that the hydraulic fracture departed from the 
interface, at right angles from a natural fracture. Another observation was regarding how a 
hydraulic fracture separates from an existing fracture. Tests on block samples indicated that the
2-2) (17).
Figure 2-2 Sketch of designed block by Lamont & Jessen (1963).
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location o f this point is random and it is not related to the stress concentration. They mentioned 
that the offset between the locations o f the entry and exit points are mainly due to small weakness 
planes in the rocks (17).
In 1974, Daneshy conducted some experiments and found that hydraulic fractures propagate 
through existing flaws in rocks or follow the path perpendicular to the least stress. He categorized 
material flaws into three groups based on their size: large (greater than several feet), medium (less 
than several feet), and small (less than several inches). Each discontinuity can be open or closed. 
Daneshy reported that at the field scale, effects o f small and medium flaws are limited to local 
change in fracture growth (18).
Daneshy (1978) conducted some laboratory experiments to study the effects o f different layers on 
hydraulic fracture growth. A block o f a rock with dimensions o f 6*12*2 in. was placed between 
two blocks o f another rock with dimensions o f 6*12*1 in. All faces o f each block were ground 
and then cemented to each other. A borehole with 1 in. diameter and 4 in. length was drilled so 
that it extended through all three layers. The entire borehole was cased except for a 1 in. open-hole 
section at the center o f the borehole to ensure that the fracture initiation in the center block. 
Different combinations o f layers using various rocks were examined. It was found that when there 
was not any restriction for fractures to propagate, the fluid pressure decreased. In the case of 
different layers, however, when the hydraulic fracture reached the interface, the pressure o f the 
fracturing fluid increased to cross the obstacle. It seemed that the strength o f the interface is more 
important than the rock properties for propagating the hydraulic fracture from one layer to another 
layer. It showed that weak interfaces arrested fracture growth, while good bonded interfaces 
allowed fractures to cross them and propagate in the adjacent layer. Figure 2-3 shows the 
experimental setup used in this study. Load was applied on the sample only in one direction (19).
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Figure 2-3 Experimental setup by Daneshy (19).
In order to study the effects o f existing interfaces on hydraulic fracture propagation, Anderson, 
designed and performed some laboratory experiments on Indiana limestone and Nugget sandstone. 
The limestone was a homogeneous and isotropic rock and the sandstone had low porosity. 
Dimensions o f block samples were varied from 2 to 4 in. on each side (20).
Medium-heavy oil (viscosity - 300 cp) was injected through a steel tube (0.25 in. diameter) which 
was bonded with epoxy to a 0.28 in. diameter borehole. There was a 0.5 in. long open-hole section 
at the bottom of the borehole, near the center o f the block. After filling the borehole with oil, the 
average rate o f pressurization o f the fluid using a pressure intensifier was about 13.8 MPa/sec. 
M onitoring and recording the pressure o f the oil were done using a pressure transducer (20).
At least two blocks, one o f them containing the borehole and injection tube, were placed between 
platens o f a 100 ton laboratory press. The interface surfaces were parallel to the platens. In addition 
to grinding the outer block faces that were in contact with the platens o f the machine press, thin
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(0.5-mm) Teflon sheets between the outer block faces and platens were used to reduce the friction 
and ensure the uniform distribution o f load on the blocks. In this experiment, the block was under 
pressure just in one direction and other sides were unconfined (Figure 2-4) (20).
Figure 2-4 Experimental setup by Anderson (20).
The purpose o f this study was to determine at which normal stress the hydraulic driven fracture 
that occurred in the block containing the tube crosses the unbonded interface and penetrates the 
adjacent block. This normal stress is called the threshold stress (a r ). The value o f the threshold 
stress was dependent on the interface preparation. Five methods o f preparation were used for the 
interface between two blocks to produce different coefficients o f friction. These were smooth dry, 
roughened dry, and three smooth dry surfaces lubricated with different fluids (water, C-100, and 
630-AA) (20).
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From the results, it was determined that when the interface was lubricated, in order for the 
hydraulic fracture to cross the interface and propagate into another block o f the same material, the 
threshold normal stress should be increased. So it can be stated that frictional properties of 
discontinuities in shallow formations have a critical effect on hydraulic fracture growth (20).
Blanton in 1982, used a 500,000-lb triaxial load frame for loading the blocks o f hydrostone and 
Devonian shale with dimensions o f 12*12x15 in. The borehole diameter and length were 1/8 in. 
and 8 in., respectively. A 1 in. open-hole section in the borehole was maintained using steel tubing. 
In this study, two pairs o f flatjacks were used for simulating the horizontal stresses on the block. 
Flatjacks were pressurized using a hydraulic pump. Figure 2-5 shows the experimental setup by 
Blanton (21).
Figure 2-5 Experimental setup by Blanton (21).
From the results obtained from the test on the hydrostone block, it can be stated that hydraulic 
fractures crossed natural fractures at high differential stresses and high angles o f approach. 
Opening pre-existing fractures by hydraulic fractures occurred at low differential stresses and low
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angles o f approach. Arresting hydraulic fractures by natural fractures occurred at intermediate 
values. At low angles o f approach and low differential horizontal stress, the hydraulic fracture 
opened the pre-existing fracture and propagated across it (21).
Ahmed et al. conducted five different laboratory experiments on grout blocks with dimensions of 
3.3*3.3*3.3 ft., to study the effects o f distribution o f stresses and perforation locations on fracture 
geometry. For loading the blocks, they used a polyaxial loading machine (Figure 2-6) (22).
Figure 2-6 A sketch of experimental setup by Ahmed et al. (22).
For simulating the horizontal stresses, three flatjacks were used on each side o f the block. Thus, a 
total o f 12 flatjacks were placed and bonded around the sides o f the blocks. Using this 
configuration, three different stresses could be applied in each horizontal direction. In fact, there 
were three layers in each block in which the stress distribution in each layer could be different 
from the others (Fig. 2-7). Table 2-1 summarizes the stress conditions o f each test (22).
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Figure 2-7 Three different stresses were applied in each horizontal direction by Ahmed et al.
In the first two tests, the vertical stress was 2000 psi. In order to study the effects o f different 
horizontal stress distribution, two experiments with different combinations o f stresses were 
performed on two blocks. It was observed that hydraulic fractures moved and propagated to the 
layer with lower stresses. In these two tests, the perforated part was placed in the middle o f each 
block (in layer 2). In test 1, the hydraulic fractures did not propagate much to layers 1 and 3; but 
in test 2, since layer 3 had low stresses compared to layer 2, fractures propagated very well in layer 
3 (22).
Table 2-1 Experimental conditions by Ahmed et al. (1983).
Test
Number
Vertical Stress Horizontal Stress in X Direction Horizontal Stress in Y Direction
ffz (psi) tf*2(PsO tf*3(ps0 o-y i(psj) Oy2(ps0 «y3(Ps 0
1 2000 1200 700 1200 1900 1600 1900
2 2000 1900 900 900 1200 200 200
3 2300 500 1000 1500 1200 1700 2200
4 2300 500 1000 1500 1200 1700 2200
5 2300 500 1000 1500 1200 1700 2200
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Three other tests were conducted to analyze the effects o f location o f perforation on the fracture 
propagation path. The purpose was to find the best place for the perforation section to have the 
largest area o f fracture propagation in the middle layer. In these three tests, the vertical stress was 
2300 psi and the minimum and maximum horizontal stresses in each layers were ax1 = 500, 
ay1 = 1200, ax2 = 1000, ay2 = 1700, ax3 = 1500, and ay3 = 2 2 0 0 . W hen half o f the 6 in. 
perforation section was in the upper layer and half o f it was in the middle layer, they observed that 
35% of the created fracture area was in the upper layer, 38% of it was in the middle layer and 27% 
was in the lower layer. O ther results are summarized in Table 2-2.
Table 2-2. Best location for perforation due to different horizontal stresses by Ahmed et al.
(1983).
Test
Number
Location of perforation
Fractured Area (%)
upper middle lower
3 Half in upper, half in middle 35 38 27
4 Whole in middle 33 48 19
5 Half in middle, half in lower 6 80 14
From the results, it can be concluded that when half o f the perforation section was in the middle 
layer and half o f it was in the lower layer, the maximum fracture area occurred in the target layer. 
From all o f the experiments, they stated that hydraulic fracture tends to propagate from high stress 
regions to lower stress zones (22).
In 1984, Tuefel and Clark performed hydraulic fracture experiments on a block sample consisting 
o f three layers with dimensions o f 9.5*7.9*7.9 in. (24*20*20 cm). The length o f each layer was
3.1 in. (8 cm). The diameter o f the borehole at the center o f the block was 0.27 in. (0.68 cm). A 
solid steel packer with diameter o f 0.26 in. (0.65 cm) and length o f 4.3 in. (11 cm) was cemented 
using epoxy at the end o f the borehole. A hollow steel packer with the same dimensions was used 
at the other end o f the borehole. An injection hole with diameter o f 0.09 in. (0.22 cm) was located 
at the center o f the hollow packer. W ith these arrangements, there was a 0.8 in. (2 cm) open-hole 
section in the center o f the middle layer. Fracturing fluid (40 weight oil) was injected into the
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open-hole section. In this study, they applied load on the sample only in the vertical direction and 
there was no confining stress (23).
Figure 2-8 Schematic of specimen designed by Tuefel and Clark (1984).
W hen all the layers were from one type o f rock, there was a direct relation between tensile strength 
of rock and the applied normal stress for fractures propagating fracture across the interface. As the 
surface roughness of the interface (the shear strength of the interfacial) increased, the applied 
normal stress (required for fracture growth across the interface o f the layer) decreased (23).
In 1984, Shaffer et al. conducted sixteen experiments on a physical model containing Hydrostone 
cement and a mixture o f hydrostone (70%) and sand (30%) with dimensions o f 14*14x14 in. The 
borehole diameter was 0.2 in (0.5 cm) and the length was 0.6 in (1.5 cm). Distance between the 
borehole and interface was about 1.5 in (3.8 cm). Medium weight oil was used as the injecting 
fluid. In low differential stress, the hydraulic fracture was arrested by the interface. In most other 
cases, the hydraulic fracture crossed the interface. In these tests, the horizontal stress was applied 
in one direction, meaning one side o f the block was free during the experiment. Figure 2-9 shows 
the schematic of the experimental setup (24).
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Figure 2-9 Schematic of experimental setup by Shatter et al. (1984).
In 1986, Blanton designed some laboratory experiments on Hydrostone blocks with dimensions of 
12^12x15 in. Differential stress between maximum and minimum horizontal stress, (aH — ah), 
and angle o f approach or the angle between the existing fractures and the maximum horizontal 
stress, (a), were two parameters that changed in the experiments (25).
From the experimental results, it can be suggested that crossing occurred at high angles o f approach 
and high differential stresses, while opening occurred at low differential stresses and low angles. 
It was found that material properties played the main role in controlling the fracture propagation 
path at low differential stresses. Because o f this, both opening and crossing occurred at low 
differential stresses (25).
W arpinski and Teufel in 1987 reported some observations in mineback experiments at the U.S. 
DOE Nevada Test Site. Based on their observations, geological discontinuities, including joints, 
faults, and bedding planes, have some effect on hydraulic fracture growth. Some o f them diverged
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when intersected with joints; some terminated when crossing the faults. In the intersection of 
hydraulic fractures with bedding planes, it was observed that the fractures propagated to 1 to 2 in. 
across the planes of discontinuities (26).
In the next phase, they conducted some laboratory experiments on Coconino sandstone specimens 
with dimensions o f 8 *6*6  in. (20.3*15.24*15.24 cm). For simulating the in situ stress conditions, 
a triaxial load frame was used. Flatjacks were used for producing horizontal stresses (26).
They concluded that at high horizontal differential stress and angles o f approach between hydraulic 
fracture and natural fracture in the block equal or greater than 60°, the hydraulic fracture crossed 
the natural one. The same occurred when the horizontal differential stress was medium and the 
angle o f approach was 90°. The hydraulic fracture was arrested by the pre-existing fracture when 
the differential stress was high and the angle o f approach was 30°. In other combinations of 
horizontal differential stress and angle o f approach, the hydraulic fractures diverted along the joints 
and opened them (26).
Blair et al. in 1989 performed some laboratory experiments on three blocks o f gypsum cement. 
They used sandstone lenses (Tablets) as the interface in designing the blocks. The dimensions of 
the blocks were 11.5*11.5*18 in. (29.2*29.2*45.7 cm) and were tested under triaxial loading 
conditions. For applying confining pressure to the blocks, flatjacks were used. In this study, they 
used wire mesh embedded in the gypsum block, to track the path o f fracture growth after injecting 
the fluid into the borehole. The wire mesh was located close to the top and bottom of the Gypsum 
block. In this series o f experiments, the stress conditions wereo^ =  1500 p si (10.3 M P a ),a 2 = 
1000 p si (6.2 M P a ),a 3 =  300 p si  (2.1 M P a ) , where, was perpendicular to the sandstone 
tablets, a2 was vertical parallel, and a3 was horizontal parallel to the lenses (Figure 2-10). Further 
investigation on the cut blocks demonstrated that when hydraulic fractures intersected the 
sandstone tablet, they propagated through that discontinuity (27).
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Figure 2-10 Gypsum cement block designed by Blair et al. (1989).
In 2005, hydraulic fracture experiments were performed on a Portland cement block with 
dimensions o f 11.8*11.8*11.8 in. The experiments were performed in a true triaxial pressure 
machine capable of simulating in situ stress conditions. In order to prevent shear stress, a thin 
Teflon sheet was inserted with Vaseline between the block and platen o f pressure. Acoustic 
transducers were used in direct contact with the block for monitoring propagation of hydraulic 
fractures (Figure 2-11). Viscasil with a viscosity o f 100 P a s  was used as the fracturing fluid in 
this study (28; 29).
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Figure 2-11 Acoustic transducers attached to the block by De Pater and Beugelsdijk (2005).
De Pater and Beugelsdijk concluded that when the flow rate is low, the natural fractures that were 
existed in the block would become opened; but, when the flow rate was high, new fractures in the 
block could be propagated. Furthermore, they observed that when the differential horizontal stress 
was high, existing fractures in the rocks could not change the hydraulic fracture propagation path; 
but when it was low, the pre-existing fractures had great influence on the hydraulic fracture growth 
path (28; 29).
Casas et al. conducted an experimental study to determine the effects o f discontinuities on 
hydraulic fracture growth. They used a block o f Colton sandstone with low permeability with 
dimensions o f 2.5*2.5*3 ft. A central borehole with diameter o f 1.5 inch was drilled along the 
entire length o f the block using a servo-controlled drill rig. The entire borehole was cased with 
steel, except a central 12 in. o f the borehole. Newtonian silicon-based filled (viscosity o f 586800 
cP) was used as the injection fluid in this study (30).
They concluded that under high confining stress, fractures propagate planar. They used two 
different materials for each filler o f artificial joints. W hen hydraulic fractures reached the epoxy­
filled joint, fractures arrested because o f viscoelastic behavior o f the epoxy. W hen hydraulic 
fracture reach the grout-filled joint, fractures were not arrested by the jo int because of different 
stiffness between the grout and Colton sandstone (30).
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In 2011, Zhou and Xue used a triaxial machine (the sketch o f the setup shown in Figure 2-12), and 
block samples with dimensions o f 11.8 * 11.8 * 11.8 in. to study the effects o f random natural 
fractures on hydraulic fractures. For simulating a naturally fractured reservoir, after preparing 
blocks o f cement and sand, they put blocks into an oven and heated them for three hours at 400° 
C. Because of dehydration and shrinkage of cement, random fractures occurred in the blocks. A 
borehole with diameter o f 0.24 in. and length o f 5.5 in. was drilled in the center o f block. A steel 
tube o f 5.1 in. length was used in the hole, leaving a 0.4 in. open-hole section in the wellbore in 
the center o f the block for initiating the HF. For categorizing the effects o f horizontal stresses on 
the propagation of hydraulic fractures in a simulated naturally fractured reservoir, they presented 
a dimensionless factor o f differential stress (Kh) (31):
O'h — (Jh
«n = J ^ - J h  (2-3)
°h
They observed that both differential stress and existing natural fractures influenced the hydraulic 
fracture propagation path. They reported that when the value o f Kh was less than 1.5, there were 
random radial fractures in the blocks, indicating that the impact of random fractures in the block 
was more important than the impact o f differential stress. W hen Kh was between 1.5 and 2.5, 
hydraulic fractures tended to be vertical with random branches; and when the value o f Kh was 
larger than 2.5 the effects o f random natural fractures were minimum, and differential stress 
controlled the hydraulic fracture propagation. In this case, bi-wing hydraulic fractures occurred in 
the blocks (31).
Athavale et al. performed laboratory HF tests on homogenous and laminated blocks. In situ stresses 
were simulated using high pressure flatjacks. A borehole with diameter o f 1 in. and length o f 15 
in. was drilled for injecting high viscosity (100,000 cP) fracturing fluid. A steel tube was inserted 
at 5 in. at top and bottom of the borehole, so there was a 5 in. open-hole section for fracture 
initiation. Performing HF tests on two 11*11*15 in. blocks showed that for the homogenous 
cement block, planar bi-wing penny shaped fracture growth occurred, but for the laminated block, 
complex and branching fracture growth was observed. Figure 2-13 shows the TerraTek stress 
frame used in this study (32).
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Figure 2-12 Schematic of the triaxial HF setup used by Zhou and Xue (2011).
Figure 2-13 TerraTek stress frame used by Athavale et al. (32).
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There are some stimulation techniques for increasing production from oil and gas wells. Some of 
the techniques are conventional HF, high-strain-rate fracturing, shear stimulation, acid stimulation, 
and thermal stimulation. Frash et al. conducted mechanical impulse HF (MIHF) stimulation 
method on two granite specimens with dimensions o f 11.8*11.8*9.45 in., and 11.8*11.8*11.8 in. 
MIHF is a type o f high strain rate fracturing (HSRF) stimulation method. The basic idea o f HSRF 
comes from dynamic failure phenomena, which states that by increasing loading rates, brittle 
behavior and the number o f fractures increase. Compared to conventional HF, using HSRF, 
multiple fractures with different orientations can occur. In the M IHF simulation method, a source 
of mechanical energy is used for generating a dynamic high pressure hydraulic impulse in a 
wellbore. For generating impulses some equipment such as accumulators, hammers, and high- 
velocity pistons can be used. By performing the experiment on two granite specimens, one in an 
unconfined condition and the other in a heated true-triaxial confinement situation, it was shown 
that MIHF increased well production significantly (33).
Bing et al. in 2014 conducted some hydraulic fracture tests on four shale blocks with dimensions 
o f 15.75*15.75*15.75 in. In this study using an acoustic emission (AE) system, the interaction 
between hydraulic fractures and natural fractures in the blocks were observed. The diameter o f the 
drilled borehole and length were 0.75 in. and 5.5 in., respectively. There was a 2.36 in. open-hole 
section in the borehole. A triaxial loading machine was used for simulating the in situ stress 
conditions on the block samples. Slick water was injected as the fracturing fluid in these 
experiments. For monitoring the natural fractures in the block, six AE probes were used. On each 
side o f the block, one AE probe was attached. From the observations o f this study, they concluded 
that small natural fractures did not have great impact on the hydraulic fracture propagation path. 
These small fractures could just affect the hydraulic fracture in a local zone. Natural fractures with 
big aperture or low bonding strength could divert the path o f the hydraulic fracture growth (34).
2.3 Num erical M odeling
Sneddon and E lliot’s work is one o f the main principals for many HF simulations. Their work was 
focused on opening o f fractures for 2D simulation and for circular, penny-shaped cracks (35). 
Perkins and Nordgren improved their work to develop the Perkins-Kern-Nordgren (PKN) model. 
In the PKN model, the influence o f fluid loss is included. This model works well for fractures with 
a high ratio o f length to height (36; 37).
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The Khristianovic-Geertsma-de Klerk (KGD) plane strain model was first proposed by 
Khristianovic and Zheltv and then improved by Geertsma and de Klerk. In the KGD model, a 
hydraulic fracture is assumed as one single planar crack that starts from the well and propagates 
through the formation. This model is usually appropriate for fractures with a small ratio o f length 
to height (38; 39). Figure 2-14 shows geometry o f cracks in the Sneddon, PKN, and KGD models 
(40).
Figure 2-14 Geometry of crack proposed by PKN (left), KGD (center), and Penny-shaped models (40).
The pseudo three dimensional (P3D) model and the planar three dimensional (PL3D) model were 
developed based on the three previously discussed models. In these two models, there is no 
limitation for the height o f fracture. Basically, the P3D model is the improved form o f the PKN 
model. In the PL3D model, the geometry o f the crack can be irregular and propagation o f the crack 
is restrained by the tensile strength o f the material (41).
The Finite Element M ethod (FEM) is based on discretization o f the whole domain into finite 
subdomains. This is done by meshing the domain. Then for each element the solution is described 
by a combination o f shape functions. FEM  is very powerful for simulating fracture propagation, 
and it is able to simulate complex 3D shapes. There is a developed version o f FEM  called XFEM 
(extended finite element method) for simulating very complex geometries. This method is highly 
effective to model HF (42).
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The Boundary Element Method (BEM) can be used for simulating HF when the system is small. 
The domain includes two sections. One part is the fracture and the other part is surrounding rock. 
A boundary is defined at the intersection o f the fracture wall with rock (43).
The Discrete Element M ethod (DEM) is another useful method for simulating HF. In this method, 
discrete elements are defined. In this approach for simulating the failure o f elements and 
interactions between them, N ew ton’s motion equations are used. Unlike FEM, simulation of 
complex fracture geometry is almost impossible (44). Today many people are using commercial 
software generated based on the above methods for modeling HF. Some o f these methods are 
explained in the following paragraphs.
In 2016, Zou et al. used cohesive zone theory to simulate HF in 3D. In the cohesive zone, the 
propagation o f crack can be controlled. Also, using this method, one is able to explain 
characteristics o f fluid migrating from the crack space into the adjacent rock. In this study, a 
vertical fracture was modeled, which passes through created layers. Figure 2-15 shows the 3D HF 
model developed by Zou et al. (45).
Figure 2-15 3D HF model by Zou et al. (2017).
Bao et al. simulated the hydraulic fracture tip by considering two different cases for injecting fluid. 
They assumed injection without lag, and also investigated the effect o f fluid lag. Their results
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matched well with analytical solutions. Figure 2-16 shows simulation o f the hydraulic fracture 
with and without fluid lag (46).
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Figure 2-16 Hydraulic fractures in half space: (a) without fluid lag; (b) with fluid lag by Bao et al. (2016).
Feng et al. studied the heat migration from hydraulic fractures to the adjacent formation and vice 
versa. They applied the created heat module in FLAC3D and found that the temperature at the 
crack tip increased during injection. Also, they reported that cooling o f hydraulic fluid can create 
additional tensile stress in the formation. Figure 2-17 shows the geometric model o f the tight gas 
reservoir by Feng et al. (47).
W ang et al. simulated a coal seam using 2D particle flow code (PFC2D). They stated natural 
fractures have great impacts on the hydraulic fractures propagation path (three main interaction 
types between hydraulic fractures and natural fractures are crossing, opening, and arresting). They 
were not able to categorize interaction type based on different conditions (48).
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Figure 2-17 Graphic presentation of the stratigraphy and the geometric model of the tight gas reservoir by
Feng et al. (2016).
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C H A P T E R  3 LABORATORY TESTS TO DETERMINE PROPERTIES OF MATERIAL 
USED FOR HF EXPERIMENTS
In preparation for the laboratory HF experiments, it is necessary to know the elastic and strength 
properties o f material to be used as the samples. In this research, plaster was used as the material 
for laboratory HF experiments.
Several standard rock mechanics tests were performed on prepared cylindrical and disk samples 
to find out the strength and elastic properties o f the plaster. The following tests were performed 
and are explained in the next sections:
• Uniaxial Compressive Strength (UCS) Test
• Deformability Test
• Brazil Test
• Triaxial Compressive Strength Test
3.1 Specimen Preparation
After mixing plaster powder with water, several cylindrical plastic molds (2 in. diameter and 4 in. 
length) were used to construct the specimens (Figure 3-1). The molds were submerged under hot 
water to loosen the plaster from the mold walls. After removing from water, an air pump was used 
to blow compressed air from the hole that was created at the bottom of the mold to take out the 
prepared specimens.
Figure 3-1 Plastic cylindrical molds.
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The cutting machine was used to cut both ends o f specimens as flat as possible. Then the specimens 
were ground with a grinding machine to make a very smooth surface on both ends o f the samples. 
Figures 3-2 and 3-3 show the cutting machine and the grinding machine, respectively.
Figure 3-2 Cutting machine.
Figure 3-3 Grinding machine.
Ideally, these samples should be completely flat and squared off at the edges so the loading 
machine can apply the load to the entire cross-sectional area equally. Flatness and squareness
40
devices were used to check how flat and smooth the ends o f specimens were. These instruments 
are shown in Figures 3-4 and 3-5, respectively. The length and diameter o f specimens were 
recorded and are shown in Table 3-1.
Figure 3-5 Squareness device. 
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Table 3-1 Dimensions of prepared specimens.
Sample Number Type Test Diameter (in) Length (in)
1 Cylindrical UCS 2.007 3.535
2 Cylindrical Deformability 2.005 3.712
3 Disk Brazil 2.007 1.056
4 Disk Brazil 2.012 1.034
5 Disk Brazil 2.001 1.053
6 Cylindrical UCS & Deformability 2.006 3.594
7 Cylindrical Triaxial 2.007 3.439
8 Cylindrical Triaxial 2.013 3.683
3.2 TerraTek H ydraulic  Press M achine
For performing rock mechanics tests, the largest hydraulic press machine in Alaska was used. This 
machine was built by the Terratek Company in Salt Lake City, UT. It can apply axial load up to
330,000 pounds. There is a refrigerator attached to the main chamber that can simulate Arctic 
conditions, with temperatures as low as -60° Fahrenheit. Operating the machine mostly is done 
using a computer (TerraTest software) connected to it. All data is stored as an Excel file for further 
processing. Figure 3-6 shows the hydraulic press machine.
Figure 3-6 TerraTek hydraulic press machine.
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3.3 Uniaxial C om pressive Strength Test
Uniaxial compressive strength (UCS) is one important measurement needed to properly assess the 
strength properties o f a rock or any other material. In this test, the specimen whose length is almost 
twice its diameter is loaded axially. Axial load is increased continuously up to failure o f the 
specimen. Two steel bearing blocks are used at the top o f the specimen under the piston in this 
test. One o f the blocks should be spherically seated and the other is a plain rigid block (49). Load 
in pounds and displacement o f the piston in mil is recorded at each second and stored as an Excel 
file. Two tests were done on specimens No. 1 and No. 6. Figure 3-7 shows the uniaxial test setup 
for specimen No. 1.
Figure 3-7 Uniaxial compressive test setup.
Compressive strength o f the specimen is calculated using Equation 3-1:
P
° c = ~ :c A
(3-1)
where P is the peak load (pounds), A is the cross-sectional area o f the specimen (in2), and Oc is 
UCS o f the specimen (psi).
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Loading rate in each test was calculated from Equation 3-2:
P
L oad ing  ra te  = — (3-2)
where t is the time that the specimen breaks (seconds).
Figures 3-8 and 3-9 show load (lb) vs displacement (mil) for specimens No. 1 and 6, respectively.
■ a
CD
o
Displacement (mil)
Figure 3-8 Load (lb) vs. displacement (mil) -  Sample No. 1.
~ o
CDO
Displacement (mil)
Figure 3-9 Load (lb) vs. displacement (mil) -  Sample No. 6.
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After breaking the sample, the breaking angle was recorded. The internal friction angle can be 
estimated using Equation 3-3:
VBreak = -  90 (3-3)
where is breaking angle, and ^Break is the internal friction angle. The tool used for measuring 
the breaking angle is shown in Figure 3-10 and the results are summarized in Table 3-2.
Figure 3-10 The tool used for measuring breaking angle. 
Table 3-2 Uniaxial compressive strength tests results.
Sample Max Load (lb) ac (psi) Loading Rate (lb/s) P(degree) Break (degvee)
1 5289.612 1672.011 41.47 72 54
6 5246.445 1660.02 41.068 63 36
Average 5268.028 1666.015 41.27 66.5 43
3.4 D eform ability  of M aterial in Uniaxial Com pression
The purpose o f this test was to find the Y oung’s M odulus and Poisson Ratio o f the plaster 
specimens. The Shear M odulus and Bulk M odulus were found as well. This was done using data 
obtained with the hydraulic press machine, as well as the set o f Linear Variable Differential
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Transformers (LVDTs) and a Transverse Deformation Jacket. LVDTs are used for measuring axial 
deformation and the deformation jacket is used for measuring transverse (diametric) deformation. 
Figure 3-11 shows the deformability test setup for specimen No. 6.
Figure 3-11 Deformability test setup.
The Young’s M odulus and Poisson Ratio o f a sample are very important, as they determine how 
much load that sample can bear before it deforms permanently. These values are only valid within 
the elastic range for the sample, as they are based off o f H ooke’s Law. Because o f this, these 
samples also can be used in further tests. The Young’s M odulus relates to how much a rock can 
deform until the deformations become permanent under normal stress. The Poisson Ratio is used 
to relate the Young’s M odulus across different planes within a rock. These two values are 
important as they determine how much load can be applied to a rock without it permanently 
deforming. The Shear M odulus is like the Y oung’s Modulus, but it deals with strain due to shear
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stress. The Bulk M odulus pertains to the change in volume o f the rock due to loading. These values 
relate to the rock’s overall strength (50).
Stress is calculated using Equation 3-1. Axial and transverse strain are calculated using the stored 
data after each test and Equations 3-4 and 3-5 (50):
. » = f  <3-4)
AD (3-5)
D
where ea is axial strain, L' is undeformed distance between anchor points for LVDTs (in), AL' is 
change in distance between anchor points for LVDTs (in), et is transverse strain, D is the diameter 
o f specimen (in), and AD is change in diameter o f the specimen (in). For specimens No. 2 and 6, 
axial stress versus both axial and transverse strain was plotted in Figures 3-12 and 3-13, 
respectively.
 Stress - Axial Strain  Stress - Transverse Strain
Strain (in/in)
Figure 3-12 Normal stress vs. strain -  sample No. 2.
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 Stress - Axial Strain  Stress - Transverse Strain
Strain (in/in)
Figure 3-13 Normal stress vs. strain -  sample No. 6.
To calculate Y oung’s M odulus (E), the average method was used. The slope o f the linear portion 
o f stress vs. axial strain is the Y oung’s Modulus. After finding a straight line along the axial stress 
vs. axial strain curve, Y oung’s M odulus is estimated using Equation 3-6 (50):
Aa
e = i t  (3-6)ACa
Poisson Ratio (v), is the change in transverse strain compared to the change in axial strain at the 
same range o f axial stress used for calculating E (50):
v
A st S lope o f  a x ia l s tr e s s  — s tr a in  cu rve
Asn S lope o f  tr a n s v e r s e  s tr e s s  — s tr a in  cu rve
° (3-7)
E V 7
Slope o f  tr a n s v e r s e  curve
Both the Shear M odulus (G), and the Bulk M odulus (K) are found using the Young’s M odulus and 
Poisson Ratio. The Shear M odulus and the Bulk M odulus are found using Equation 3-8 and 3-9, 
respectively (51).
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Er  = ________
^  2(1  + v )
EU = __________
3(1  -  2v)
Figure 3-14 shows load (lb) vs displacement (mil) for specimen No 
summarized in Table 3-3.
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Figure 3-14 Load (lb) vs. displacement (mil) -  Sample No. 2. 
Table 3-3 Elastic properties of the used plaster.
Sample Loading rate (lb/s) E (psi) V G (psi) K (psi)
2 29.366 985,014 0.469 335,120 5,408,269
6 41.068 866,469 0.463 296,019 3,960,196
Average 32.217 925,741 0.466 315,569 4,684,232
3.5 Brazil Test for Indirect Tensile Strength of M aterial
The purpose o f this test was to find the tensile strength o f the plaster. This was done using data 
obtained with the hydraulic press machine, as well as the set o f steel loading jaws. The steel loading 
jaw s were used to distribute the hydraulic press load over the rounded section o f the disk sample.
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(3-8)
(3-9)
. 2, and the results are
Tensile strength is the measure o f how well a material can resist being pulled apart. The tensile 
strength o f some materials like rock is very low, especially when compared to its compressive 
strength. This means that when designing anything involving rock, tensile stresses should be 
minimized to help increase the longevity o f the rock.
The Brazil test for indirectly determining tensile strength o f a rock was developed as an alternative 
to the more difficult direct method o f measurement. This method presents an acceptable alternative 
based on numerous experiments which have proven that a majority o f rocks in biaxial stress fields 
fail in tension (52).
Duct tape was applied to the samples so that the loading jaw s would contact the samples with a 
greater surface area and the load would be distributed about the tape instead o f applying a point 
load. Figure 3-15 shows the Brazil test setup for specimen No. 3.
Figure 3-15 Brazil test setup.
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The loading rate for this test is much lower than that for compressive strength tests. The tensile 
strength, at, was found using the Equation 3-10 (52):
2 P
"  =  (3- 10)
where P is the peak load (lb), D is the diameter (in), and T is the thickness o f disk sample (in). 
Figures 3-16 to 3-18 show load (lb) vs displacement (mil) for specimens No. 3, 4, and 5, 
respectively. The results are summarized in Table 3-4.
Displacement (mil)
Figure 3-16 Load (lb) vs. displacement (mil) -  Sample No. 3.
Displacement (mil)
Figure 3-17 Load (lb) vs. displacement (mil) -  Sample No. 4.
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Figure 3-18 Load (lb) vs. displacement (mil) -  Sample No. 5. 
Table 3-4 Tensile strength tests results.
Sample Max Load (lb) Loading Rate (lb/s) at (psi)
3 986.373 8.398 296.285
4 1133.141 9.065 346.749
5 958.314 10.304 289.542
Average 1025.943 9.255 310.858
3.6 Triaxial C om pressive Strength Test
The purpose o f this test was to find the strength properties o f the plaster. These properties include 
the triaxial factor, cohesion, and angle o f internal friction. The Mohr-Coulomb Criterion was used 
to find these properties using the confining stress and axial stress used to break the samples at 
several confining stress levels. This step was done using data obtained with the hydraulic press 
machine, as well as the triaxial (Hoek) cell.
The body o f the triaxial cell has an air bleeder connection and a connection for hydraulic fluid. 
Inside the cell, there is a flexible jacket o f appropriate material to prevent the contact o f hydraulic 
fluid with specimen. There is a hydraulic pump, capable o f maintaining constant confining 
pressure within 2% of the desired value, connected to the hydraulic press machine. After placing
52
the sample inside the cell and connecting air and hydraulic cables to the triaxial cell, the pump is 
turned on to make sure that there is no air inside the cell. By removing the air from the cell, the 
space between the inner surface o f the cell and membrane is fully filled with hydraulic fluid. Next, 
axial load is applied to the sample inside cell to a certain amount (for example 500 psi), then 
stopped. After that, confining pressure is applied up to that same amount (500 psi) and maintained 
until the end o f the test. Then axial load is again applied until the sample breaks (53). Figure 3-19 
shows the triaxial test setup for specimen No. 7.
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Figure 3-19 Triaxial compressive test setup.
For each test, a1 is calculated using Equation 3-1. Table 3-5 shows the 01 vs. 03 values. Figure 3­
20 shows the plot o f 01 vs. 03. The M ohr-Coulomb relationship is a linear relationship, although 
the data in reality is not linear. The R 2 value o f 0.88 means that this graph is fairly close to linear. 
The equation o f the trend line also reveals important information about the plaster specimen. The 
slope is the triaxial factor (tany), and the y-intercept is the uniaxial compressive strength (oc). 
These values then relate to the cohesion (c), and the internal friction angle (9 ) o f the specimen.
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Table 3-5 01 vs. 03.
Sample Number G3 (psi) Gi (psi)
Avg. (1 & 6) 0 1666.015
7 200 2883.166
8 500 3381.052
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Figure 3-20 01 vs. 03 (Mohr-Coulomb).
The internal friction angle was found two ways. The theoretical value was found by relating 9  to 
tany  (Equation 3-11). The break value, or experimental value, was found by measuring the 
breaking angle (P), and then finding 9  (Equation 3-3).
1 +  s in p  tanW  — 1
t a n V = T - ^ ^ v ^ ° ry = A rc s in (M v + 1 > (3-11)
C can be calculated using Equation 3-12.
2Ccosw ar x  (1 — sinw')
-  r  = —— ±----------—  (3-12)1 — s in p  2co sp
The resulting Mohr-Coulomb criterion for the used plaster is:
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Loa
d 
(lb
) 
Loa
d 
(lb
)
° 1 = °c + <y3tanW  ^  a1 = 1875.7 + a3(3 .2903) (3-13)
Figures 3-21 and 3-22 show load (lb) vs. displacement (mil) for specimen No. 7 and 8, respectively, 
and the results are summarized in Tables 3-6 and 3-7.
Displacement (mil)
Figure 3-21 Load (lb) vs. displacement (mil) -  Sample No. 7.
Displacement (mil)
Figure 3-22 Load (lb) vs. displacement (mil) -  Sample No. 8.
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Table 3-6 Triaxial compressive tests results.
Sample 03 (psi)
Max Load
(lb)
Oi (psi))
Loading rate 
(lb/s) P
Break (degree)
Avg. (1 & 6) 0 5268.028 1666.015 41.27 66.5 43
7 200 9121.248 2883.166 45.663 62 34
8 500 10749.73 3382.052 16.646 58 26
Table 3-7 Strength properties of the used plaster.
oc (psi) — Curve Cohesion (psi) tany Wrest (degree) WBreak (degree)
1875.7 517.03 3.2903 32.265 34.3
3.7 M aterial Properties Summary
Based on the results, it can be stated that the used plaster is weak compared to typical rocks. 
Poisson’s ratio o f plaster is higher than most o f rocks. All other elastic properties are relatively 
lower than rocks. The ratio between compressive strength to tensile strength for typical rocks is 
about 10 to 20. However, this ratio for the used plaster is about 5. Elastic and strength properties 
o f plaster and typical shale are summarized in Table 3-8.
Table 3-8 Summarized properties of the plaster.
Parameter Plaster Shale
Strength Properties
Oc (psi) 1666.015 1400 -  14,000
° t  (Psi) 310.858 280 - 1400
C (psi) 517.03 400 -  4300
^  (degree) 33.3 15 -  33
Elastic Properties
E (psi) 925,741 (1.5 -  5)x106
V 0.466 0.3 -  0.35
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Table 3-9 Summarized properties of the plaster (continued).
Elastic Properties
Parameter Plaster Shale
G (psi) 315,569 (0.6 -  1.8) x106
K (psi) 4,684,232 (1.2 -  5.5) x106
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FRACTURING
C H A PT E R  4 LABORATORY EXPERIMENTAL STUDIES OF HYDRAULIC
4.1 HF Experim ents
To conduct HF experiments in the rock mechanics lab, a rock box was designed and built. A 
hydraulic loading frame manufactured by TerraTek was used to apply vertical stress and two flat­
jacks were built for applying horizontal stresses. Based on the dimension o f the rock box, cubic 
samples made o f plaster with dimensions o f 5.7*5.7*6 in. (height is 6 in.) were molded. A top 
spacer was designed for injecting hydraulic fluid into a hole inside the prepared specimen. These 
procedures are explained thoroughly in this chapter.
4.1.1 The HF Experim ent Apparatus
To conduct HF experiments, two different horizontal stresses must be applied in addition to the 
vertical stress. It was decided to use the TerraTek hydraulic loading frame as one o f the major 
elements in the laboratory experiments and a rock box was fabricated to apply horizontal stresses. 
The experiment apparatus is illustrated in Figure 4-1. Each component o f the apparatus is 
explained in detail in the next sections.
59
Figure 4-1 A sketch of cross-section view of the experiment apparatus.
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4.1.2 Specimen Preparation
A  cubic mold was built using wood boards. To avoid sticking plaster to the mold, first two vertical 
boards were nailed to the bottom board, but the other two vertical boards were pushed between 
these fixed boards. Next, it was painted and waxed. The built mold is shown in Figure 4-2.
Figure 4-2 The built wooden mold.
Two clamps were used to hold the vertical boards in place. Then prepared plaster was poured into 
the mold and after a few hours, the clamps were unlocked and the sample was removed from the 
mold. Figure 4-3 shows plaster in the mold.
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Figure 4-3 Clamps used for holding faces of the mold.
After removing the specimen from the mold, the top face o f the specimen was ground to have a 
smooth surface. W ith the specimen placed in a clamp, all imperfections were removed using a file 
(Figure 4-4).
Figure 4-4 The file used for trimming the faces of the specimen.
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A borehole with a diameter o f 0.5 in. and length o f 4 in. was drilled in the center o f the prepared 
specimen. Then the top 3 in. o f the hole was drilled again with a larger bit (diameter o f 0.68 in.). 
The prepared specimen is shown in Figure 4-5.
Figure 4-5 The prepared specimen.
4.1.3 Experim ental Setup
4.1.3.1 TerraTek Machine
To use the TerraTek loading frame and TerraTest software for the planned HF experiments, the 
environmental chamber was removed from the loading frame to have more space for placing 
components o f the experiment apparatus under the loading piston as shown in Figure 4-6 (without 
the environmental chamber).
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Figure 4-6 TerraTek loading frame after removing the chamber.
4.1.3.2 Fabrication of Experiment Rock Box
A cubical frame (the rock box) was fabricated out o f steel with an outside length by width o f 8 by 
8 in., and a height o f 6 in. The thickness o f steel plate forming the rock box was 1 in. A 2-in. thick 
bottom spacer was welded to the side frames o f the rock box. The dimensions o f the inside o f the 
rock box was 6x 6x 6 in. Figure 4-7 shows the rock box.
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Figure 4-7 Steel rock box.
4.1.3.3 Flat-jacks
In order to apply horizontal stresses on the sample, two flat-jacks were built. The size o f each flat- 
jack was 5.7x 5.7 in. and its thickness was 0.3 in. The space inside the flat-jack was filled with 
hydraulic fluid. Two tubes were attached to each o f the flat-jacks. One o f them was connected to 
a pump for injection o f hydraulic oil. Another one was used as the exit tube to bleed the air from 
the flat-jack. After pumping oil into the flat-jack and bleeding air out from the exit tube, the exit 
tube was sealed. The flat-jacks were placed between the sample and the inner faces o f the rock 
box. Figure 4-8 shows a constructed flat-jack.
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Figure 4-8 Flat-jack.
4.1.3.4 Top Spacer
For carrying out the HF experiments, it was necessary to inject fluid into the borehole drilled at 
the center o f the sample and, at the same time, transfer vertical stress to the sample. To do that, a 
steel top spacer with a dimension o f 5.7x 5.7x 4 in. was built. A hole with a diameter o f 0.5 in. was 
drilled inside the spacer for the injection o f fluid. The top spacer is shown in Figure 4-9.
Figure 4-9 Top spacer.
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4.1.3.5 Casing
A hollow steel tube was prepared with a length o f 3 in. and outer and inner diameters o f 0.68 and
0.5 in., respectively, to simulate the casing o f a well. It leaves an open-hole section o f 1 in. at the 
bottom of the borehole without steel casing. Figure 4-10 shows the casing. The prepared specimen 
with casing inside the borehole is shown in Figure 4-11.
Figure 4-10 Steel casing.
Figure 4-11 Casing placed inside drilled hole in center of specimen.
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4.1.3.6 Test Procedure
• First place the two flat-jacks and specimen inside the rock box (Figure 4-12).
Figure 4-12 Specimen and flat-jacks placed inside the rock box.
• Place the rock box under the vertical piston. Put the top spacer on the specimen. Two steel 
bearing blocks are placed on top o f the top spacer, as shown in Figure 4-13.
68
Figure 4-13 Placing the setup under the TerraTek load frame.
• Two pumps are connected to the side flat-jacks to apply different levels o f horizontal 
stresses to the sample. Another pump is connected to the top spacer to inject fluid into the
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borehole drilled inside the sample. Figure 4-14 shows connections o f pumps to the flat- 
jacks and top spacer.
Figure 4-14 Pumps connected to flat-jacks and top spacer.
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• M ove the vertical piston down to touch the two bearing blocks using manual controller of 
the TerraTek load frame (Figure 4-15).
Figure 4-15 Using manual controller to make contact between piston and the bearing blocks.
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• Apply vertical stress using manual controller o f TerraTek load frame and TerraTest 
software to the bearing blocks. The vertical stress is maintained constant until the end of 
test, which is done by TerraTest control software.
• Apply horizontal stresses by pumping hydraulic fluid into flat-jacks. These pressures are 
maintained at a pre-determined constant level until the end o f the test.
• Start injecting hydraulic fluid into the borehole, until a hydraulic fracture occurs. The 
pressure gauge should be monitored carefully. W hen the pressure suddenly drops, it means 
the hydraulic fracture initiates inside the specimen. The highest pressure is recorded.
• Retract vertical piston, release the vertical stress, and release the pumps connected to the 
flat-jacks and top spacer.
• Remove the specimen, and inspect the propagation path o f the hydraulic fracture. Figure
4-16 shows one o f the specimens after the test.
Figure 4-16 Specimen No. 2 after performing the test.
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4.2 Results and Discussion
Five tests were performed. Characteristics o f all tests are summarized in Table 4-1. Figures 4-17 
to 4-21 show the propagation o f hydraulic fracture along the maximum horizontal stress and 
perpendicular to the minimum horizontal stress for tests No. 1 to 5.
For test No. 2 and 4, the injection o f fluid continued after the hydraulic fracture occurred and, 
therefore, the fracture propagated throughout the specimen. As injection continued, the injection 
pressure did not go beyond the peak pressure, which was recorded and caused failure.
For specimens No. 1, 3, and 5, after fractures occurred (the pressure suddenly dropped), the 
injection o f fluid stopped. Then by using a saw each specimen was cut open into two halves.
In all the cases, the applied pressure to initiate the fracture was recorded. As can be seen in Table
4-1, by increasing differential horizontal stress, the required pressure (PHF) for creating hydraulic 
fracture decreases. In fact, each 100 psi increase o f differential horizontal stress, results in a 100 
psi decrease in the required pressure to create hydraulic fracture.
Table 4-1 Conditions of applied stresses during each test.
Test # av (psi) oh (psi) oH (psi) T (psi) ° h -  Oh (psi) Phf(PSi)
1 1000 100 200 310 100 416
2 1000 100 300 310 200 320
3 1000 100 400 310 300 215
4 1000 100 500 310 400 118
5 1000 100 600 310 500 16
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Figure 4-18 Specimen No. 2
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Figure 4-20 Specimen No. 4
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Figure 4-21 Specimen No. 5
In all the performed tests, the vertical stress and minimum horizontal stress were kept constant, to 
see the effect o f differential horizontal stress on the required pressure for creating hydraulic 
fracture. In the next chapter, these tests were validated using computer modeling and more 
scenarios were simulated.
In all tests, vertical hydraulic fracture was created and propagated along maximum horizontal 
stress, which agrees well with theory o f propagation o f hydraulic fracture. It shows the efficiency 
o f the experimental setup. Based on the developed theory, hydraulic fracture would propagate 
perpendicular to the minimum principal stress (54).
Kirsch in 1898 generated Equations 4-1 and 4-2 to determine the stress distribution around an 
underground circular opening. Figure 4-22 shows the stress distribution around a circular opening 
in a biaxial field (51).
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Figure 4-22 Stress distribution around a circular opening in a biaxial stress field (51).
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where Orr and Gee are the radial and tangential stresses, respectively, P and KP are the horizontal 
stresses around the opening (Figure 4-22), K is constant, a is the radius o f opening, and r is the 
distance from the center o f opening. Zobac in 2007 showed the 2D failure criterion o f HF along 
maximum horizontal stress direction (Equation 4-3), which is developed from Kirsch Equations 
(55):
Phf -  3&h -  oH -  Pp + T  
where Pp is the pore pressure.
(4-3)
In the performed experiments in the lab, the specimens were almost dry before conducting the test. 
Therefore, it was assumed that pore pressure was zero. Equation 4-3 was used to estimate pressure 
required to initiate HF in all five performed tests. The theoretical results are compared with 
experimental results in Figure 4-23. As can be seen the values obtained from the experiments are 
very close to those estimated from Equation 4-3. The experimental values are slightly higher than 
the mathematical approach. The small differences could be because the equation does not consider
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vertical stress. In the next chapter, the experiments are simulated numerically in a 3D environment 
to investigate the effect o f the vertical stress.
■  Experimental ■Theory
450
1 2 3 4 5
Test Number
Figure 4-23 Comparison of experimental simulations versus the theoretical approach.
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FRACTURING
CHA: pTER  5 THREE DIMENSIONAL NUMERICAL SIMULATION OF HYDRAULIC
In this research, a numerical simulation software package ABAQUS was used for 3D modeling of 
HF. ABAQUS is a commercially available Finite Element Analysis software. The first version of 
this software was released in 1978. This software has been a popular tool among researchers in 
different engineering disciplines.
The objective o f this chapter is to conduct 3D modeling o f HF and compare the numerical results 
with the laboratory experiments. W ith the verification o f the model, further exploration o f HF are 
conducted by varying the vertical stress and the minimum horizontal stress levels to investigate 
the effect o f these stress components on HF, which was not performed in the laboratory 
experiments.
5.1 Model Design
To simulate the 3D specimen used in the laboratory experiment, a solid and deformable cube was 
modeled. By using the “cut extrude” feature, the borehole was modeled. The size o f cube and 
borehole was the same as the laboratory specimen (cube size and diameter o f borehole were
5.7x 5.7x 6 in. (height is 6 in.) and 0.5 in., respectively). The model is shown in Figure 5-1. The 
material properties obtained in Chapter 3 (Table 3-8) were imported into the software. As in the 
experimental setup, the three faces were fixed (Figure 5-2).
Three steps were defined. The first step was applying vertical stress. This stress propagated 
through the next steps. The second step was applying the horizontal stresses. This step propagated 
through the third step too. The third step was applying pressure at the 1 in. open-hole section at 
the bottom of the borehole.
Vertical stress was applied on the top face (XZ plane). Then horizontal stresses were applied on 
the other faces. The maximum horizontal stress was applied along the YZ plane (perpendicular to 
the YX plane). The minimum horizontal stress was applied along the YX plane (perpendicular to 
the YZ plane). Figure 5-3 shows stresses that were applied on three faces o f the specimen.
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Figure 5-2 Applying fixed boundary conditions on three faces of sample.
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Figure 5-3 Applying stresses on three faces of sample.
To apply recorded pressure from experiments to the bottom of the borehole, the borehole was 
partitioned into two sections. Then the pressure was applied to the bottom 1 in. o f the borehole 
(Figure 5-4).
For meshing the sample, standard analysis with linear geometric order was used. The element type 
selected was C3D4, a 4 node linear element, free meshing technique using tetrahedron shapes was 
applied to the model. Figure 5-5 shows the meshed specimen. There were 11,701 nodes and 62,371 
elements in this model.
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Figure 5-5 Meshed sample.
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5.2 Results and Discussion
The deformed and undeformed shapes o f the sample provided by ABAQUS are shown in Figure
5-6. The transparent shape represents undeformed shape when there is no stress applied on the 
sample. The green shape is the deformed shape after all stresses applied on the sample.
Figure 5-6 Undeformed and deformed shapes of the sample.
Fjaer et al. explained the theory o f HF in their book. For a circular well, they proved that hydraulic 
fracture would propagate along maximum horizontal stress. They showed that the maximum and 
minimum tangential stress on the borehole wall can be calculated from Equations 5-1 and 5-2 (56):
®d,max = 3°H — 0^ (5-4)
&Q,min = — (5-5)
where, o0 max and od min are the maximum and minimum tangential stresses, respectively, and oH 
and oh are the maximum and minimum horizontal stresses, respectively (56). The maximum
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It was proven that when a well is drilled along vertical stress, hydraulic fracture occurs where Oq 
is smallest. Equation 5-3 shows the condition that fracture starts to propagate along maximum 
horizontal stress direction (56):
tangential stress occurs in the minimum horizontal stress direction, while the minimum tangential
stress takes place in the direction o f maximum horizontal stress (56).
where T is tensile strength o f the formation rock, PgaUge is the pressure reading when fractures 
initiate, Yfiuid is the unit weight o f drilling fluid, and h is the depth o f injection. In the experiment, 
since the depth o f borehole was only 4 in., it was assumed that PHF = PgaUge .
In the numerical model, maximum and minimum horizontal stresses were applied along YZ and 
YX planes, respectively. The plots o f principal stress along the YZ plane and the YX plane for test 
No. 2 are shown in Figures 5-7 and 5-8, respectively. At the wall o f an underground opening there 
are two principal stresses, or (radial stress) and og (tangential stress). Based on K irsch’s equation 
for a circular opening, radial stress is always zero at the wall. So in fact the plot o f principal stress 
at the wall o f the opening provided by the software is the tangential stress. In the YZ plane, 
Equation 5-3 was met for all the experiments. Also, for the YX plane, it was verified that no 
fracture occurs. For example, in test No. 2, when the maximum horizontal stress was 300 psi, the 
minimum horizontal stress was 100 psi. Based on Equation 5-2, the tangential stress at the wall of 
the borehole should be zero in the direction o f maximum horizontal stress. In ABAQUS, for each 
element within the bottom 1 in. o f the borehole, the value o f principal stress was a very small 
negative or positive number. This is because ABAQUS shows the principal stress for an element. 
Note that in this model the element had a tetrahedron shape with four nodes. In the finite element 
method, the requested output was estimated at each node and then the average was attributed to 
the element. It was possible to find two elements in the YZ direction with principal stress values 
o f 24 and -14. The total principal stress for these two elements is 10. From Table 4-1, for test No. 
2 (PHF = Pgauge = 320 p s i) the tensile strength o f the plaster was about 310 psi, so Equation 5-3 
was met for these elements along the YZ plane. The principal stress along the YX plane was
Phf = ®8,min + T (5-3)
Phf = Pgauge + Yfiuid ^  h (5-4)
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checked for the elements in the bottom 1 in. o f the hole to make sure that no element met Equation
5-3. Therefore, it can be concluded that the hydraulic fracture initiates along the maximum 
horizontal direction.
Figure 5-7 Principal stress plot along YZ plane (test No. 2).
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Figure 5-8 Principal stress plot along YX plane (test No. 2).
The stress conditions in all five performed experiments were applied to the built computer model. 
Through trial and error, the minimum pressure required to meet Equation 5-3 was determined for 
each case (5 psi interval was used in each attempt). All results are summarized in Table 5-1
Table 5-1 Minimum PHF in each test determined using computer simulation.
Test # av (psi) oh (psi') oH (psi') °h -  Oh (ps0 Phf (psi)
1 1000 100 200 100 415
2 1000 100 300 200 310
3 1000 100 400 300 205
4 1000 100 500 400 115
5 1000 100 600 500 15
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As shown in Figure 5-9, results from the experimental and numerical simulations match each other 
well, giving confidence that the numerical model can be used for further simulations.
■  Experimental ■  Numerical
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Figure 5-9 Comparison of experimental simulation versus numerical simulation.
Several models were run with different vertical stress and different levels o f horizontal stress. 
Since the compressive strength o f material was 1600 psi, applied vertical stress in each simulation 
was less than this value. In each simulation, through trial and error, the minimum pressure required 
to initiate HF was obtained. The stress conditions and results o f all tests are listed in Table 5-2. 
From the simulations results, it can be stated that by increasing vertical stress at the same horizontal 
stress conditions, the minimum pressure required to initiate HF, slightly increases.
Table 5-2 Finding minimum PHF at different vertical stress and levels of horizontal stress.
Test # av (psi) oh (psi) oH (psi) oh -  ^  (psi) Phf (psi)
1 800 100 200 100 400
2 800 100 300 200 295
3 800 100 400 300 200
4 800 100 500 400 95
5 800 100 600 500 10
6 1000 100 200 100 415
1 2 3 4 5  
Test Number
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Table 5-3 Finding minimum PHF at different vertical stress and levels of horizontal stress (continued).
Test # av (psi) oh (psi) oH (psi) ° h -  Oh (psi) Phf (psi)
7 1000 100 300 200 310
8 1000 100 400 300 205
9 1000 100 500 400 115
10 1000 100 600 500 15
11 1200 100 200 100 435
12 1200 100 300 200 330
13 1200 100 400 300 215
14 1200 100 500 400 120
15 1200 100 600 500 30
16 800 200 300 100 605
17 800 200 400 200 500
18 800 200 500 300 395
19 800 200 600 400 300
20 800 200 700 500 195
21 1000 200 300 100 615
22 1000 200 400 200 510
23 1000 200 500 300 420
24 1000 200 600 400 305
25 1000 200 700 500 220
26 1200 200 300 100 630
27 1200 200 400 200 525
28 1200 200 500 300 430
29 1200 200 600 400 320
30 1200 200 700 500 235
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Based on the results, R  software was used to develop a 3D HF criterion for the used material. A 
multiple linear regression model was generated with four predictors or regressors (x1 = vertical 
stress, x2 = minimum horizontal stress, x3 = maximum horizontal stress, x4 = tensile strength). Y 
is the response or dependent variable, which in this case is the minimum required pressure to 
initiate HF. Figure 5-10 shows a screenshot o f the generated results from the R  software. The first 
column is the coefficient o f each predictor that was estimated by R.
Res idua l  s tandard  e r r o r :  5.B34 on 26 degrees of freedom 
M u l t i p l e  R-squared:  0.999B, Adjusted  R-squared:  0.9997
F - s t a t i s t i c :  2.B2Be+04 on 4 and 26 DF, p -va lue :  < 2 .2e-16
Figure 5-10 A screenshot of the generated results using the R software.
Equation 5-5 is the developed 3D HF criterion for the used material:
PHF = 0 .07(ov) + 3.01(Oh) -  (aH) + 0 .79(T) (5-5)
From the developed equation it can be stated that for a vertical well in a shallow formation, vertical 
stress has the least effect among all stress components on the minimum pressure required to initiate 
HF. Pore pressure in this simulation was assumed to be zero.
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C H A P T E R  6 CONCLUDING REMARKS AND RECOMMENDATIONS
In this study, a laboratory apparatus for simulating the HF process at a small scale was built. 
Hydraulic fractures were initiated in vertical holes drilled in cubic specimens made o f plaster under 
various stress conditions. The hydraulic pressures applied at fracturing were observed and 
recorded. Furthermore, based on the specimen dimensions in the laboratory experiments, finite 
element models were developed to simulate the HF numerically under various stress fields; the 
results were compared with the laboratory experimental results.
The laboratory experiments o f HF at a small scale were highly successful. In all cases, vertical 
hydraulic fractures formed since the applied vertical stress was the highest. It was observed that 
the vertical hydraulic fracture propagated along the maximum horizontal stress direction and 
perpendicular to the minimum horizontal stress direction. This is in agreement with the theory of 
HF propagation. It was observed that when vertical stress was kept constant, and the differential 
horizontal stress was increased by 100 psi, the minimum pressure required to initiate HF decreased 
almost 100 psi. These results were in agreement with 2D failure criterion o f HF.
A numerical model was developed based on the conditions applied in the laboratory experiments. 
The results obtained from computer simulations were close to those obtained from experiments, 
verifying the applicability o f the computer model. Therefore, additional scenarios with different 
stress conditions were run using the numerical model. The results indicated that the hydraulic 
pressure needed to initiate fracture was influenced by the maximum horizontal stress, the minimum 
horizontal stress, the vertical stress, and the tensile strength o f the used material, with the vertical 
stress having the most effect; however, the vertical stress appeared to have minimal impact on HF. 
Based on the numerical simulations, a 3D failure criterion for HF was developed using a statistical 
software package, R.
The statistical analysis results suggested that the HF pressure required to initiate hydraulic 
fractures (PHf) is a function o f the vertical stress (ov), the maximum horizontal stress (oH), the 
minimum horizontal stress (oh) and the tensile strength o f the material (T) in the following 
relationship:
PHF = 0 .07(ov) + 3.01(Oh) -  (aH) + 0 .79(T) (6-1)
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It can be stated that in shallow formations as simulated, vertical stress has the least effect among 
stress components on the minimum pressure required to initiate HF.
There were some challenges with the experiment that can be improved in the future:
• The rock box was heavy (almost 40 kg). It is recommended to build a lighter box by using 
less steel, which would be easier to handle.
• The size o f the box can be enlarged to have bigger specimens.
• For preparing the specimen, instead o f the wood mold that was constructed in this research, 
it is recommended to make a mold from other material like Lexan to have a permanent 
mold.
• The strength properties o f plaster are low, which does not allow the application o f high 
stress. It is recommended to use other materials like cement or real shale samples to 
simulate high in situ stress conditions that are closer to what is happening in the real 
environment.
W ith the current experimental apparatus, it is possible to perform some other tests to investigate 
the effects o f different parameters on HF propagation. One o f the hot topics in petroleum industry 
is the effect o f natural fractures in a shale formation while HF is being performed in that formation. 
The interaction o f natural fracture and hydraulic fracture can be studied and simulated by using 
the built setup. The effects o f drilling fluid on the HF also can be studied using this setup. For a 
real time picture o f fracture propagation, one can use ultrasonic sensors attached to the specimen. 
It is recommended to drill inclined boreholes in the cubic specimens at different angles and test 
them with the experimental apparatus under different stress conditions. It is also recommended to 
generate computer models o f an inclined borehole and develop a failure criterion for this case.
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